High-level nuclear waste produced from fuel reprocessing operations at the Savannah River Site (SRS) requires pretreatment to remove Pu. This paper provides a summary of data acquired to measure the performance of MST to remove strontium and actinides from simulated waste solutions. These tests evaluated the influence of ionic strength, temperature, solution composition and the oxidation state of plutonium.
INTRODUCTION
Monosodium titanate (MST) was first prepared by Lynch, et al. using a sol-gel synthetic method [1] The reported synthesis consisted of mixing a methanol solution of NaOH with an isopropanol solution of titanium tetraisopropoxide, Ti(OC 3 H 7 ) 4 , followed by the addition of water. The precipitated solids were isolated by filtration, washed with water and acetone and air dried. Chemical analysis suggested a formula of the amorphous solids as NaTi 2 O 5 H. Testing indicated that the solids exhibit high selectivity for many metallic ions in both acidic and alkaline waste solutions including those containing strontium and several actinides. [2, 3] The Savannah River Site contractor selected MST for strontium removal in conjunction with cesium removal by precipitation as the tetraphenylborate salt for the in-tank precipitation (ITP) process. [4] MST exhibited high strontium removal capacity at acceptable removal rates along with the added benefit of plutonium removal. SRNL developed a modified synthesis of MST that produced a material tailored for the ITP deployment in a HLW tank (1.3 million gallon) equipped for the batch process.
Testing at SRNL during the 1980s and 1990s indicated that the MST successfully removed sufficient 90 Sr and alpha-emitting radionuclides to meet the requirements for disposing of the decontaminated waste solution in a low-level cement-based wasteform. [5] Testing also indicated that the small quantity of MST required for 90 Sr and actinide removal did not adversely impact high-level waste glass chemistry and physical
properties. Actinide removal characteristics of the MST became an increasingly important issue in the early 1990s as waste characterization data revealed an increasing need to remove alpha-emitting radionuclides from HLW supernates. Also of concern was the accumulation of fissile radionuclides onto the MST from a nuclear criticality safety basis. [6] Accumulation of fissile isotopes onto the MST was found to below levels that would pose a nuclear criticality safety concern. [7] Thus, the use of MST proved acceptable for the ITP process.
The ITP facility operated for a brief time before shutting down permanently in 1998 due to operational and safety concerns. SRS conducted an extensive evaluation process for alternate pretreatment processes to separate radioactive components from the high level nuclear waste solutions. [8] The engineering evaluation and down selection of the preferred treatment process included considerable research and development testing. [9] This paper provides a summary of research data that was acquired on the performance of MST using simulated waste solutions for the engineering evaluation and down selection process. A separate paper will provide a summary of testing results on the performance of MST using actual tank waste supernatant liquids.
EXPERIMENTAL

Preparation of Simulated High Level Nuclear Waste Solutions
Personnel prepared all solutions using reagent grade chemicals and deionized distilled water. Table 1 provides a summary of the compositions for the simulated waste solutions used to evaluate the affects of ionic strength and temperature. After dissolving each of the salts, we added MST (Optima Chemical Company, Inc.) to the solution and mixed for a minimum of 48 hours to remove any strontium added as impurities from the reagent grade chemicals. The MST treatment was not applied to the simulated waste solution used to evaluate the influence of solution composition (see Table 3 ). allowed the solutions to mix 1 -3 weeks at ambient room temperature. After this equilibration time, we filtered the solutions through a 0.45-micron pore size nylon membrane filter to remove any residual solids.
Preparation of Pu(VI)
Plutonium oxidation state testing required the preparation of solutions containing single actinide components of Pu(IV) and Pu(VI). For tests with Pu(IV), we used the nitric acid stock solution of Pu(IV) as described above. For tests with Pu(VI) we oxidized Pu(IV)
to Pu(VI) by treating 4.021 mL of a 0.965 mg/mL acidic solution of Pu (IV) with a stoichiometric amount (15.9 mL) of 0. Pu activity determination relied on alpha spectroscopy after chemically separating the plutonium from neptunium.
RESULTS
Influence of Ionic Strength and Temperature
Initially we conducted tests at two different ionic strengths (Solution #1 -I = 8. 
Influence of Solution Composition
Solution composition testing featured a statistically designed test matrix based on mixture experimental design problems [11] and consisted of 11 experimental trials, as listed in Table 3 . The first six trials examined whether a linear relationship exists between MST adsorption ability and the concentrations of NaNO 3 , NaOH, NaNO 2 , NaAl(OH) 4 , Na 2 CO 3 , and Na 2 SO 4 . Trials 7 and 8 of the experimental series served as replicates of the centroid composition. Initial sorbate concentrations in each were in close agreement (See Table 2 ). Trial #9 is the center point composition with added trace salts. Trial 10 served as a control with no added MST. The final trial provides the same composition as that provided in Table 1 Additional input to the development of these trials included two constraints. First, we required that the ionic strength would remain constant for each trial solution at 6.13 M (i.e., ionic strength for 5.6 M Na + simulated waste solution of composition provided in Table 1 -Solution #3). The second constraint required that the concentration of NaNO 3 in the salt solutions equaled at least three times that of the NaAl(OH) 4 concentration.
This requirement originates from the simulant preparation method. The solution preparation generates NaAl(OH) 4 from the reaction of Al(NO 3 ) 3 and four equivalents of NaOH releasing three equivalents of nitrate per equivalent of aluminum.
Researchers targeted strontium, plutonium, neptunium and uranium concentrations in the simulated waste solutions at 100, 200, 400 and 10,000 µg/L, respectively. The actual concentrations differed from the targets and across the different solution compositions (see Table 3 ). The strontium values exceeded the targeted because personnel did not remove tramp strontium from the reagent chemicals prior to solution preparation. Table 3 ) all measured below 3%. We attributed the wider range of plutonium and uranium values to the variance in solubility as a function of the solution composition.
Influence of Plutonium Oxidation State
These tests examined whether the oxidation state of either plutonium significantly affected the extent and rate of removal using MST as the removal agent. The tests targeted Pu(IV) and Pu(VI) for comparison. We prepared individual salt solutions (see Table 1 and Pu(VI) in the strongly alkaline concentrated salt solutions.
Previous testing has shown that MST can remove strontium, plutonium, neptunium and uranium from strongly alkaline salt solution. [6, 12] , the total loading of the four sorbates represents less than 3.6% of the theoretical capacity of the MST. Thus, at these conditions, the quantity of strontium and actinides exchanged with the MST appears well below the theoretical capacity of the material.
Influence of Ionic Strength and Temperature
Radiochemical separations from high level waste solutions must be capable of operating at high ionic strengths to minimize the amount of dilution water added to the waste.
Current plans are to treat waste diluted to a sodium concentration of 5.6M. To evaluate the influence of ionic strength on MST performance, we tested at sodium concentrations of 4.5M and 7.5M, which corresponds to ionic strengths of 4.9 and 8.2M, respectively (see Table 1 ).
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From Fig We also conducted tests with a simulated waste solution having a sodium concentration of 5.6 M, which corresponds to an ionic strength of 6.1 M. This the target sodium concentration planned for waste pretreatment processing at the Savannah River Site. Thus, quantitative comparison of removal kinetics among the three ionic strengths is not possible. However, given the similar shapes of the curves obtained, we speculate that the rate of exchange/sorption of strontium with MST at these conditions is not strongly influenced by the ionic strength of the solutions.
Influence of Solution Composition
Previous studies have shown that the solubility of strontium and actinide elements in strongly alkaline salt solutions can vary over a wide range. [13] [14] [15] In general, the solubility of the strontium and actinide elements follows the order, Pu < Sr < U < Np.
Independently, Delegard [14] and Hobbs [16] developed empirical prediction models for plutonium and uranium in alkaline salt solutions as a function of the anionic component concentrations. In general, the chemical potential for sorption of a species is proportional to the solution concentration. Thus, increased sorption would occur with increased sorbate concentration.
The composition of the waste solution may also influence the strontium and actinide species in solution, which could result in either increased or decreased sorption. We attribute the increased DF with increased nitrate concentration to the nature of the sorbate species. In general, nitrate forms much weaker complexes with metal ions than other components such as hydroxide and carbonate. [17] For example, strontium and actinides are known to form hydroxide complexes that result in increased solubility with increased free hydroxide concentrations. Thus, as the salt solution composition changes from that which is low in nitrate and high in hydroxide to one that is high in nitrate and low in hydroxide, the degree of hydroxide complexation may be reduced. The reduced hydroxide-complexed strontium and actinides would favor ion exchange/sorption with the MST resulting in greater removal and a higher DF.
Note that even though the solution composition can have a measurable influence on the measured DF for a sorbate, the influence is relatively small in consideration of removal efficiencies required for the pretreatment of high level waste solutions at SRS. Based on the measured DFs for strontium and the actinides in this study (see Table 4 ), the treated waste solution would meet the current waste acceptance limits for waste disposal except for wastes containing bounding concentrations of plutonium and neptunium upon contact of the waste with 0.4 g/L MST. [18] For wastes with these high plutonium and neptunium concentrations, the waste would require treatment with increased quantities of MST to affect the necessary removal for the decontaminated waste to meet the waste disposal criteria for total alpha and 237
Np activities.
Influence of Plutonium Oxidation State
Plutonium exhibits multiple stable oxidation states in aqueous solutions. For example, alkaline solutions containing Pu(IV), Pu(V) and Pu(VI) can be prepared and are stable for long periods of time. [19] In general the solubility of plutonium and neptunium increase as the oxidation state increases. The predominant oxidation state for plutonium in fresh HLW solutions is Pu(IV). However, conditions that occur during the evaporation, storage and retrieval of HLW solutions may result in the oxidation or reduction of the plutonium. For example, Delegard [14] and Karraker [20] reported evidence of Pu(V) and indicates similar relative changes in the plutonium concentration with time for each test suggesting similar removal kinetics for both Pu(IV) and Pu(VI). Table 5 We calculated removal rate constants from the linear fit of the average concentrations for the time interval of 1 to 4 hours. The rate constants are reported in Table 5 . Reaction rate constants are known to vary with oxidation state [24] and, thus, determination of the rate constants for the Pu(IV) and Pu(VI) spiked solutions may provide additional information concerning the stability and reactivity of Pu(IV) and Pu(VI) in alkaline solutions. The rate constants for the tests using the Pu(IV) spiked solutions ranged from 
